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Abstract
Marine biogeochemistry deals with the budgets and transformations of biogeochemically
reactive elements such as carbon, nitrogen and phosphorus. Inorganic nitrogen and phosphorus
compounds are the major nutrients and control organic matter (biomass) production in the
surface water. Due to various anthropogenic activities, the input of these nutrients into the Baltic
Sea has increased drastically during the last century and has enhanced the net organic matter
production by a factor of 2–4 (eutrophication). This has led to detrimental oxygen depletion and
hydrogen sulphide production in the deep basins of the Baltic Sea. Model simulations based on
the Baltic Sea Action Plan (BSAP) indicate that current eutrophication and thus extension of
oxygen-depleted areas cannot be reversed within the next hundred years by the proposed
nutrient reduction measures. Another environmental problem is related to decreasing pH
(acidiﬁcation) that is caused by dissolution of the rising atmospheric CO2. Estimates indicate a
decrease in pH by about 0.15 during the last 1–2 centuries, and continuation of this trend may
have serious ecological consequences. However, the concurrent increase in the alkalinity of the
Baltic Sea may have signiﬁcantly counteracted acidiﬁcation.
18.1 Introduction
Marine biogeochemistry deals with the internal transforma-
tion of sea water constituents and their transport into and out
of the sea area in question. Internal processes take place
against the background of the hydrographic setting and are
mainly controlled by biological production and the decom-
position of organic matter. The major elements involved in
these processes and addressed in this chapter are carbon (C),
nitrogen (N), phosphorus (P) and oxygen (O2). Their dis-
tributions and concentrations strongly influence the Baltic
Sea ecosystem. On an annual timescale, the formation of
organic matter is widely limited by the availability of N and
P, which are the major nutrients. This in turn affects the O2
conditions in deeper water layers, where organic matter is
mineralised and thus consumes O2 and may eventually lead
to the formation of highly toxic hydrogen sulphide (H2S).
Hence, eutrophication is a major issue when assessing past
and possible future changes. Carbon not only plays a central
role as backbone for any organic material, but its inorganic
form, carbon dioxide (CO2), largely controls the marine
acid/base balance, which due to the ongoing rise in atmo-
spheric CO2 levels is gradually shifting towards more acidic
conditions.
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18.2 Major Biogeochemical Fluxes
and Transformations
This section describes the main components of the biogeo-
chemical cycles of nutrients, carbon and oxygen in the Baltic
Sea (Fig. 18.1) and includes a brief introduction to available
observations and biogeochemical models. The biogeo-
chemical cycle starts with photosynthetic primary produc-
tion by phytoplankton in the sunlit surface layer (euphotic
zone). Production is controlled by the availability of nutri-
ents supplied by internal recycling and input from sur-
rounding land areas, the atmosphere and the North Sea. The
productive season and the biogeochemical cycles in the
Baltic Sea are also regulated by the physical processes of
transport, mixing and stratiﬁcation (such as deep-water
renewal and the development of a seasonal thermocline).
The essential nutrients are dissolved inorganic nitrogen
(DIN: ammonia NH3 (at equilibrium with ammonium,
NH4
+), nitrite NO2 and nitrate NO3) and dissolved inorganic
phosphorus (DIP: phosphate PO4). However, some evidence
also exists for the use of dissolved organic N and dissolved
organic P as nutrients. In addition, nitrogen (N2) ﬁxation by
cyanobacteria may add new bioavailable N to the Baltic Sea.
Sinking organic particles export nutrients below the
productive surface layer. When this organic matter is
decomposed, O2 in the deeper parts of the Baltic Sea is
gradually consumed and the water becomes anoxic if it is not
renewed. In the absence of O2, sulphate reduction produces
H2S that is toxic to higher life forms. The interplay between
production and mineralisation of organic matter is also
reflected in the cycling of CO2 since the formation of organic
matter uses up CO2, while, conversely, mineralisation of
organic matter produces CO2 that accumulates in the deep
water. A fraction of the export production reaches the sed-
iments before being completely decomposed and minera-
lised, and permanent burial of organic material is an
important sink especially for P. Depending on the redox
conditions, P may also be bound to hydrated metal oxides
(e.g. iron, Fe) in the sediments. Currents and waves may
cause resuspension of sediments in shallow areas of the
Baltic Sea. This process leads to a transport of lighter
material and organic matter towards deeper parts of the
Baltic Sea.
The major N sink in the Baltic Sea is denitriﬁcation, an
anaerobic mineralisation of organic matter that transforms
NO3 to N2. While the removal of N is enhanced at lower O2
concentrations, the sediment P sink is weakened and may
even become a source under anoxic conditions, when older
mineral-bound P can be released to the overlying water.
Finally, nutrients supplied from external sources that are not
permanently removed or accumulated inside the Baltic Sea
will be exported to the Kattegat and Skagerrak.
Box 18.1 Basis for current knowledge
For over a century, the Baltic Sea has been one of the
most heavily investigated seas in the world and much of
the information summarised, for example in the books
by Wulff et al. (2001), Feistel et al. (2008) and Lep-
päranta and Myrberg (2009), is based on analyses of
historical data. Information on the physical, chemical
Fig. 18.1 Schematic overview
of important biogeochemical and
forcing processes within the
Baltic Sea
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and biological variables of the Baltic Sea is regularly
gathered by national monitoring programmes in Den-
mark, Estonia, Finland, Germany, Latvia, Lithuania,
Poland, Russia and Sweden. International cooperation
between these countries and the European community
is governed by the Baltic Marine Environment Pro-
tection Commission (HELCOM, www.helcom.ﬁ) that
provides data services and conducts environmental
assessments based on the data collected. Other inter-
national sources of data and information concerning the
Baltic Sea include the International Council for the
Exploration of the Sea (ICES, www.ices.dk) and the
European Monitoring and Evaluation Programme
(EMEP, www.emep.int) that provides information
about atmospheric emission and deposition of nutri-
ents. In 2009, the Baltic Nest Institute, Stockholm
University (www.balticnest.org), and several other
institutes started a partnership on a system of distrib-
uted databases where each partner (see http://nest.su.se/
bed/hydro_chem.shtml) makes the data hosted in its
databases publicly available via a data portal (http://
apps.nest.su.se/dataPortal/). The Baltic Nest Institute
also provides access to the data portal via Data
Assimilation System (DAS), http://nest.su.se/das/) and
a decision support system Nest (http://apps.nest.su.se/
nest/). The portal also provides access to all data col-
lected in the Baltic Environmental Database (BED),
maintained by the Baltic Nest Institute. Near-real-time
observations are also available and distributed within
the countries bordering the Baltic Sea by the partners
participating in the Baltic Operational Oceanographic
System (BOOS, www.boos.org).
The national and international funding of climate-
and eutrophication-related research has been important
drivers for an increased understanding of Baltic Sea
biogeochemistry. For example, Wulff et al. (2001)
presented results from international research projects
that were funded by the Baltic Sea System Study
(BASYS) and the EU Marine Science and Technology
programme (EU/MAST). The combined scientiﬁc and
political efforts have resulted in strategies to combat
eutrophication in the Baltic Sea, for example a recent
agreement to reduce nutrient loads (BSAP), HELCOM
2007). A current major international Baltic Sea
research collaboration is the Joint Baltic Sea Research
and Development Programme (BONUS, www.
bonusportal.org), funded by the EU’s Seventh
Framework Programme for Research (FP7, http://ec.
europa.eu/research/fp7/) and national research-funding
institutions in the Baltic Sea countries. Key results of
the 16 projects of the BONUS 2007 are summarised
on the website www.bonusportal.org/about_bonus/
bonus_and_era-net/bonus_2009-2011/bonus_projects.
The overall biogeochemical cycling of nutrients and
carbon in the Baltic Sea is especially addressed by the
BONUS projects ECOSUPPORT and BALTIC-C.
Current understanding of how the interactions
between the external forcing and the internal physical
and biogeochemical processes regulate the ecological
status of the Baltic Sea has been synthesised, quanti-
ﬁed and evaluated by model experiments. Numerical
models (e.g. Fennel and Neumann 2004) are also used
to study the effects of climate change on biogeo-
chemical cycles and to evaluate various management
strategies (see Sect. 18.5). The development of more
complex coupled physical–biogeochemical models
started with horizontally integrated basin models
(Stigebrandt and Wulff 1987), and coupled models
dividing the Baltic Sea into a number of dynamically
interconnected sub-basins are still used because of
their computational efﬁciency (Gustafsson 2012; Gu-
stafsson et al. 2012). With the increasing availability
of computational power, three-dimensional coupled
models for the Baltic Sea that produce high-resolution
results on long timescales (centuries) are now state of
the art at the larger institutes (e.g. Neumann et al.
2002; Eilola et al. 2009). Generally, the biogeochem-
ical functions of the coupled models are similar in that
they describe transformations of N and P including
inorganic nutrients and particulate organic matter
comprising phytoplankton, dead organic matter and
zooplankton. Organic matter is typically produced
from the inorganic nutrients by several functional
groups of phytoplankton that may differ between
models, but in the Baltic Sea usually include diatoms,
flagellates and cyanobacteria. Sinking organic material
enters the model sediment as benthic N and P. Differ-
ences between biogeochemical models may, for
example, be due to parameterisations of nutrient fluxes
between sediment and water and also in the rates and
parameterisations of transformations of nutrients
within the water column.
18.3 Changes in External Forcing
External forcing has a strong impact on biogeochemical
processes and internal fluxes. This refers both to the climate-
driven physical forcing and to the input of biogeochemically
reactive substances via rivers, water exchange with the North
Sea and the atmosphere. The physical forcing controls the
water transport, stratiﬁcation, ice coverage, temperature and
salinity in the Baltic Sea, which in turn affect the distribution
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of nutrients and C and thus have an impact on biogeo-
chemical processes. Changes in hydrographic conditions,
such as rising surface water temperature and changes in ice
cover, are discussed in Chaps. 7 and 8 and will be addressed
here only if necessary for interpreting changes in biogeo-
chemical cycles. Changes in the biogeochemical forcing
mainly relate to the input of the main biogeochemical actors:
nutrients, organic C and CO2 (see also Chap. 17).
18.3.1 Nutrient Inputs
Compilations of data concerning the waterborne input (riv-
erine input and point sources) and the atmospheric input of
N and P into the entire Baltic Sea including the Kattegat are
available through various HELCOM publications. The input
data refer to both the inorganic and organic forms of N and
P. Whereas the inorganic species are readily available for
biological production, it is still an open question how much
of the organic fraction is bioavailable and thus contributes to
eutrophication. A summary of an input estimate (HELCOM
2005) based on 2000 data was given in the ﬁrst assessment
of climate change in the Baltic Sea (BACC Author Team
2008). An updated estimate based on data for 2001–2006
was recently published (HELCOM 2011). According to this
later report, the annual waterborne inputs are
641,000 t N year−1 and 28,700 t P year−1. Adding an
atmospheric deposition of 198,000 t N year−1 (Bartnicki
et al. 2011) yields a total N input to the Baltic Sea of
840,000 t N year−1 (Table 18.1). According to HELCOM
(2011), the atmospheric P deposition contributes 5 % to the
total P input (1500 t P year−1) resulting in a total input of
30,200 t P year−1 (Table 18.1). These estimates differ only
slightly from the values given in the previous HELCOM
(2005) report and presented in the ﬁrst assessment of climate
change in the Baltic Sea (BACC Author Team 2008).
Attempts have been made to estimate nutrient inputs at
the beginning of the last century when the influence of
human activities was low (Larsson et al. 1985; Savchuk et al.
2008). Gustafsson et al. (2012) used data from different
sources to reconstruct the N and P inputs to the various
basins of the Baltic Sea including the Kattegat since 1850
(Fig. 18.2). For the period 1970–2006, annual land-borne
loads for total N and total P, which include the input from
rivers and point sources, are based on data compiled in the
BED (Savchuk et al. 2012). Riverine inputs for the years
before 1970 were reconstructed from historical data and
present-day nutrient concentrations in pristine rivers in
northern Scandinavia. The atmospheric deposition of N
compounds for 1970–2006 was obtained both from mea-
surements and model calculations. Prior to 1970, historical
data were used to roughly estimate the atmospheric N input.
Since neither regular monitoring data nor model simulations
exist for the atmospheric deposition of P to the Baltic Sea,
the values presented by Gustafsson et al. (2012, Fig. 18.2),
which are based on deposition estimates for northern Europe
(Ruoho-Airola et al. 2012 and references therein), differ
from the HELCOM (2011) estimates (Table 18.1). Owing to
the sparse database, the reconstruction of historical nutrient
inputs is necessarily associated with a considerable uncer-
tainty which is difﬁcult to quantify.
Figure 18.2 indicates that N and P inputs have both
increased dramatically during the last 150 years. This is due to
human activities such as intensiﬁed agriculture and increasing
industrialisation. The rate of increase became stronger after
the SecondWorldWar and peaked around 1980 at about three
(N) and seven (P) times higher than in 1850. However, inputs
have decreased signiﬁcantly since the 1980s due to emission
reduction measures and are presently at a level comparable
to those around 1960. When evaluating land-borne and
Table 18.1 Waterborne and atmospheric input of total nitrogen and total phosphorus to the Baltic Sea for year 2000
Waterborne input (kt year−1) Atmospheric input (kt year−1) Total input (kt year−1)
Total nitrogen 641a 198b 839a
Total phosphorus 28a 1.5a 30a









































Fig. 18.2 Historical development of river water discharge (a),
waterborne and atmospheric inputs of total nitrogen (b) and total
phosphorus inputs (c) to the Baltic Sea (Gustafsson et al. 2012)
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atmospheric inputs of nutrients to the Baltic Sea, the exchange
with the North Sea must also be taken into account.
According to budget calculations for the last 20 years, about
130 kt N year−1 is exported to the North Sea via the Danish
Straits. This corresponds to about 15 % of the current total N
inputs, while the loss of P to the North Sea amounts to
12 kt P year−1 corresponding to 25 % of the total input.
18.3.2 Carbon Inputs
Huge amounts of inorganic and organic carbon enter the
Baltic Sea via rivers, affecting both the CO2 system and the
oxygen budget. The inputs were estimated by Kulinski and
Pempkowiak (2011) using the mean concentrations of total
organic carbon (particulate and dissolved) and inorganic
carbon (total CO2) in more than 60 rivers in connection with
flow data. The input of total organic carbon amounted to
4090 kt C year−1 and consists mainly of dissolved organic
carbon (DOC). More than 50 % of the annual DOC input is
mineralised in the Baltic Sea (Kulinski and Pempkowiak
2011) and thus converted to CO2. It is possible that the
organic carbon input increased during the last century due to
the intensiﬁcation of agriculture and possibly also to rising
temperatures. However, this cannot be substantiated by data.
For the input of inorganic C, Kulinski and Pempkowiak
(2011) reported a value of 6810 kt C year−1. Since the con-
centrations of total CO2 in river water are mainly controlled
by alkalinity which is primarily a consequence of limestone
dissolution, changes during the last century are very likely.
Hjalmarsson et al. (2008) analysed historical alkalinity data
from the northern Baltic Sea which go back to 1911. They
concluded that the alkalinity input into the Gulf of Finland by
the River Neva increased during the last century. This was
attributed to acidic precipitation which in a limestone-rich
catchment such as the River Neva may intensify weathering
and thus increase alkalinity. An alkalinity increase also
occurred in the eastern Gotland Sea. Surface alkalinities
measured during the last decade under the framework of the
Swedish Monitoring Programme (SMHI) were about
100 µmol kg−1 higher than that reported by Buch (1945) for
1928–1938. This constitutes a signiﬁcant change and is
equivalent to an increase in pH of 0.02–0.03 units.
The rising levels of atmospheric CO2 that cause enhanced
CO2 dissolution and drive the pH in sea water to lower values
must also be taken into account. Concentrations increased by
about 40 % from a pre-industrial level of about 280 ppm to
about 390 ppm in 2008 (Fig. 18.3). The rate of CO2 increase
has grown steadily since 2000 and currently averages
2.0 ppm year−1. The historic development of the atmospheric
CO2 level was reconstructed by analysing air occluded in ice
cores (Fig. 18.3, Neftel et al. 1994). Direct measurement of
CO2 started in the 1950s with the well-known time series of
measurements at Mauna Loa on Hawaii (Keeling et al. 2008),
and data from a northern hemisphere background station
(Barrow, Alaska) are available since 1974 at a monthly res-
olution (Fig. 18.3). High-resolution measurements of atmo-
spheric CO2 were also performed in the central Baltic Sea. A
full annual cycle was obtained for 2005 and 2008 and indi-
cated that the annual means over the Baltic Sea are almost
identical to those at the Northern Hemisphere background
station (Fig. 18.3, Schneider 2011).
18.4 Changes in Internal Fluxes
and Transformations
18.4.1 Organic Matter Production
and Nutrient Availability
18.4.1.1 Current Process Understanding
The southern and central sub-basins of the Baltic Sea are
eutrophic and mesotrophic systems (Wasmund et al. 2001)
that mostly process C derived from phytoplankton primary
production (Elmgren 1984; Shaffer 1987). In the northern
boreal regions, where phytoplankton primary production is
low, organic matter input from terrestrial sources becomes
increasingly important for the marine C fluxes. Food web
models (Sandberg et al. 2004; Sandberg 2007) and CO2
budgets have shown Bothnian Bay, the northernmost Baltic
sub-basin, to be a net heterotrophic system (Algesten et al.
2004, 2006), whereas the Bothnian Sea oscillates between
net autotrophy and heterotrophy (Algesten et al. 2004). In
contrast, a CO2 air–sea flux balance (Löffler et al. 2012)
indicated that on average the Bothnian Sea acts as a sink for
atmospheric CO2 and must thus be considered as a net
autotrophic system.
Baltic Sea phytoplankton communities undergo a distinct
seasonal succession controlled by the temporal dynamics of
stratiﬁcation, light and nutrients and characterised by several
blooms, that is periods of temporary mass occurrence of
Fig. 18.3 Annual mean atmospheric carbon dioxide (CO2) concen-
tration obtained from analysing air in ice cores (blue) (Neftel et al.
1994) and direct atmospheric measurements at the Northern Hemi-
sphere background station Barrow in Alaska (full red circles) (Keeling
et al. 2008) and over the Baltic Sea (open red circles) (Schneider 2011)
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phytoplankton (Wasmund and Siegel 2008). Phytoplankton
development starts when thermal surface layer stratiﬁcation
stabilises and light conditions improve, with a spring bloom
dominated by diatoms and dinoflagellates. The spring bloom
consumes nutrients within the euphotic zone that were
accumulated during winter and ends when its limiting nutrient
is exhausted. The amount of winter nutrients available to the
phytoplankton spring bloom as well as the limiting nutrient
differs between sub-basins. For present conditions
(Table 18.2), winter nutrient concentrations are greatest in the
Gulf of Riga and Gulf of Finland, which are sub-basins with
high riverine nutrient loads relative to their surface area. The
term nutrient limitation is often used quite loosely (Howarth
1988), but refers in aquatic ecology mostly to the nutrient that
determines net primary production (Granéli et al. 1990).
Assuming an N and P demand for primary production
according to the Redﬁeld ratio (N:P = 16), the winter DIN:
DIP ratio is traditionally used to assess the limiting nutrient
(Table 18.2). While the spring communities in the Kattegat
(Granéli 1987; Granéli et al. 1990), the Baltic Proper (Granéli
et al. 1990; Wasmund et al. 1998), the central Gulf of Finland
and the Bothnian Sea are generally N limited (Tamminen and
Andersen 2007), P limitation prevails in the Bothnian Bay
(Tamminen and Andersen 2007). In the proximity of fresh-
water sources, limitation patterns can change spatially and
interannually, depending on run-off (Pitkänen and Tamminen
1995; Seppälä et al. 1999; Tamminen and Seppälä 1999;
Yurkovskis 2004).
The extent to which different nutrient sources sustain
phytoplankton growth after the winter nutrients are depleted
is under debate, but in the central Baltic Sea, ﬁrst DIN
(April) and then DIP (May to July) are depleted to the
detection limit of the analytical methods (Nausch 1998;
Nausch et al. 2004; Raateoja et al. 2011). Mineralisation of
particulate organic P in the euphotic zone may in part cover
the nutrient requirements of phytoplankton in early summer
(Nausch and Nausch 2007). In addition, dissolved organic P
(Nausch and Nausch 2007) and dissolved organic N (Eilola
and Stigebrandt 1999; Jørgensen et al. 1999; Berg et al.
2001) deliver nutrients to pelagic communities. Preferential
mineralisation of N and P compared to C might further
contribute to sustain phytoplankton growth (Heiskanen et al.
1998; Osterroht and Thomas 2000; Lund-Hansen et al. 2004;
Schneider et al. 2006; Riemann et al. 2008). Additional
inorganic nutrients are to some extent also provided by
vertical mixing (Stipa 2004; Reissmann et al. 2009). Nutri-
ents below the thermocline can also be reached by motile
phytoplankton, which migrate actively into the nutrient-rich
waters below the thermocline (e.g. Olli 1999; Hajdu et al.
2007; Lips et al. 2011). Furthermore, it has been suggested
that an early start to N ﬁxation already in late spring may
counteract N limitation during the decline phase of the
spring bloom (Schneider et al. 2003, 2006).
During summer, when thermal stratiﬁcation separates the
euphotic zone entirely from the nutrient-rich waters below
the thermocline, a diverse phytoplankton community is
established and phytoplankton growth relies mainly on
regenerated nutrients. However, in the Baltic Proper, the
Gulf of Finland, and to some extent also in the Gulf of Riga
and the Bothnian Sea (Wasmund et al. 2011), new produc-
tion also takes place because N-ﬁxing cyanobacteria blooms
occur during summer. The magnitude of these blooms has
been explained by excess inorganic dissolved phosphorus
(eDIP), which due to the low N:P ratio in the winter nutrient
pool still exists after the spring bloom NO3 depletion
(Janssen et al. 2004; Kahru et al. 2007; Lips and Lips 2008;
Lilover and Stips 2008; Eilola et al. 2009). However, eDIP is
already exhausted before the summer cyanobacteria bloom
starts. The mechanism by which eDIP is transferred to
summer communities and utilised by cyanobacteria is
complex and potentially involves P storage in particulate
(Nausch et al. 2008) and dissolved organic matter (Nausch
and Nausch 2007). In addition, cyanobacteria blooms also
beneﬁt from additional P in frontal and upwelling regions
(Kononen et al. 1999; Nausch et al. 2009). Atmospheric
deposition is a minor source of P to cyanobacteria blooms
(Rolff et al. 2008).
Blooms of N-ﬁxing cyanobacteria provide an important
input of N to the Baltic Sea ecosystem, thus increasing
organic matter production and sedimentation (Vahtera et al.
2007). Nitrogen ﬁxation also circumvents N limitation in the
central Baltic Sea, and P concentrations become the major
Table 18.2 Winter nutrient concentrations and nutrient limitation in Baltic Sea sub-basins. Concentrations refer to mean values for 2000–2005
(Diekmann and Möllmann 2010, BED)
Basin Winter DIN (mmol m−3) Winter DIP (mmol m−3) DIN:DIP (mol mol−1) Spring limitation
Kattegat 6.46 0.56 11.5 N
Bornholm Basin 3.30 0.60 5.5 N
Gotland Sea 3.50 0.60 5.8 N
Bothnian Sea 3.07 0.20 15.4 N
Bothnian Bay 6.79 0.06 113 P
Gulf of Riga 11.45 0.93 12.3 P/N
Gulf of Finland 7.02 1.25 5.6 N
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control of the annual net production. Baltic cyanobacteria
blooms are formed by the heterocystous species Nodularia
spp., Aphanizomenon spp. and Anabaena spp. (Sohm et al.
2011), which are favoured by high water temperatures
(Kanoshina et al. 2003; Laamanen and Kuosa 2005; Mazur-
Marzec et al. 2006; Lips and Lips 2008; Jaanus et al. 2011)
and calm conditions (Kanoshina et al. 2003; Mazur-Marzec
et al. 2006). Estimates of the N input by cyanobacteria to the
Baltic Sea cover a wide range. Based on ﬁeld observations,
values between 20 and 792 kt N year−1 were reported
(median 173 kt N year−1, based on sources in Degerholm
et al. 2008), whereas estimates derived from biogeochemical
modelling resulted in 200–800 kt N year−1 (Savchuk and
Wulff 2007; Neumann and Schernewski 2008). These
numbers indicate that N input by N ﬁxation is comparable to
the annual riverine DIN load to the Baltic Proper
(286 kt N year−1 in 2000, HELCOM 2004). This additional
N input not only sustains the growth of cyanobacteria in
summer communities, but is also transferred by exudation
and organic matter mineralisation to non-N-ﬁxing phyto-
plankton (Ohlendieck et al. 2007). In the central Baltic Sea,
N ﬁxation contributes a substantial part of N export from the
euphotic zone (Larsson et al. 2001; Struck et al. 2004).
The amount of C converted into biomass by primary
producers depends on the uptake ratio of C and nutrients
during phytoplankton growth. However, under P limitation,
the C:P and N:P ratios in Baltic plankton may exceed the
Redﬁeld ratio of C:N:P = 106:16:1 (e.g. Engel et al. 2002;
Nausch et al. 2004; Kangro et al. 2007; Walve and Larsson
2007, 2010). However, lower C:P ratios are also observed in
cases where a PO4 excess with regard to the Redﬁeld N:P
ratio exists in the nutrient pool (Wasmund et al. 1998).
Therefore, the amount of C formed per unit N or P available
to producers varies, which further influences C sedimenta-
tion and O2 consumption in sediments and bottom waters.
Measurements of phytoplankton primary production using
the 14C method are associated with large methodological
differences in the Baltic Sea (Andreasson et al. 2009; Larsson
et al. 2010). Therefore, phytoplankton primary production is
poorly known on a Baltic scale. Including river plumes and
coastal areas, phytoplankton net primary production in the
central Baltic Sea was estimated at about 200 g C m−2 year−1
by the end of the 1990s (Wasmund et al. 2001). A substantial
part of this production is mineralised already in the euphotic
zone. For the spring and early summer period in the eastern
Gotland Sea, Wasmund et al. (2005) estimated that miner-
alisation reached 52 % of phytoplankton production. Conse-
quently, net organic C production, which is the difference
between primary production and respiration within the
euphotic zone, is substantially less than phytoplankton pri-
mary production. Based on oxygen budgets, Stigebrandt
(1991) estimated net production in the period before 1980 to
range between 41 g C m−2 year−1 in the Kattegat, 38–
49 g Cm−2 year−1 in the Baltic Proper, and 32 g Cm−2 year−1
in the Bothnian Sea. Direct measurements of the amount of C
sinking out of the euphotic zone (export production) can be
obtained using sediment traps. However, interpreting the data
is complicated due to resuspension effects and organic matter
degradation in the traps. Heiskanen and Leppänen (1995)
estimated that only 32 % of phytoplankton primary produc-
tion sinks out of the euphotic zone in the northern Baltic Sea,
with most of the C export occurring during the spring bloom.
A C budget model for the Kattegat (Carstensen et al. 2003)
indicated that 54 % of net phytoplankton production is
exported from the euphotic zone. However, the relationship
between phytoplankton primary production and C export
from the euphotic zone depends not only on nutrient supplies
and the magnitude of primary production itself, but also on
the structure of the pelagic ecosystem (e.g. Boyd and Trull
2007 and references therein).
18.4.1.2 Past Changes
Since the beginning of systematic monitoring in the 1970s,
surface winter DIN and—with the exception of the Bothnian
Bay—DIP have increased in all sub-basins of the Baltic Sea
(see Fig. 18.4 for the central Baltic Sea) and reached a peak
between 1980 and 1990 (HELCOM 2009). In sub-basins
with a short residence time like the Danish Straits, DIN and
DIP closely follow nutrient inputs, with pronounced con-
centration declines since 1990 (Carstensen et al. 2006).
Decreasing winter DIN concentrations after the mid- or late
1980s have also been observed in all other Baltic Sea sub-
basins except the Bothnian Bay (HELCOM 2009). The
decline in DIN concentrations may be due to the decreased
N inputs but also may be due to higher denitriﬁcation rates
caused by increased hypoxia in the Baltic Sea. Winter DIP
concentrations in the Baltic Proper and the Gulf of Finland
do not show a distinct trend. They are more closely related to
P concentrations beneath the Baltic Proper halocline and are
thus linked to inflow dynamics and P release from bottom
sediments (Conley et al. 2002; HELCOM 2009, see also
Sect. 18.4.2.4). Consequently, winter DIP concentrations in
the central Baltic Sea increased again after the inflow in
2003 and in the Gulf of Finland after the inflow in 1996
(HELCOM 2009). In the Gulf of Riga, winter DIP concen-
trations remained high during the 1990s due to release from
bottom sediments (Müller-Karulis and Aigars 2011). The
decline in winter DIN levels, while DIP remained high in the
Baltic Proper, the Gulf of Finland and the Gulf of Riga, also
led to a marked decrease in DIN:DIP ratios, which favours
the growth of N-ﬁxing cyanobacteria.
Estimates of winter nutrient concentrations prior to the
1970s are available from a few modelling studies. A time
slice experiment (Schernewski and Neumann 2005) as well
as a transient simulation (Gustafsson et al. 2012) suggested
that Baltic Proper winter nutrient concentrations in 1900
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were 2.0–3.7 mmol m−3 for DIN and 0.23–0.35 mmol m−3
for DIP. Current DIN concentrations (Table 18.2) are thus
within the upper range of past DIN concentrations, whereas
the past DIP concentration was about a factor of two lower
than present values. Nutrient concentrations remained near
pristine values until the 1950s and then rose quickly (Gu-
stafsson et al. 2012, Fig. 18.4).
The past increase in winter nutrient concentrations is also
reflected in changes in primary production. In the Kattegat
and Belt Sea area, where consistent time series of phyto-
plankton primary production measurements by the 14C
method are available, eutrophication led to a doubling of
primary production between 1950 and 1980 (Rydberg et al.
2006, Fig. 18.5). Estimates for the increase in primary pro-
duction for the Baltic Proper range from an increase of
30–70 % since the beginning of the twentieth century (Elm-
gren 1989) to a doubling in the 1970s and 1980s (Wasmund
et al. 2001). Also, decreasing δ13C values in bottom sedi-
ments indicate an increase in primary production due to
eutrophication (Voss et al. 2000). Results from modelling
studies differ. An increase in primary production since 1900
by a factor of three and even six were reported by Savchuk
et al. (2008) and Gustafsson et al. (2012), respectively.
Net organic C production in the Gotland Basin was
estimated by CO2 measurements and yielded an increase by
a factor of about 2.5 since the 1920s (Schneider and Kuss
2004), which is in close agreement with the model estimate
by Gustafsson et al. (2012). Higher primary production is
also reflected in enhanced deposition of organic matter at the
sediment surface. According to Jonsson and Carman (1994),
Fig. 18.4 Simulated (line) and
observed winter nutrient
concentrations (dots) in the
surface layer of the central Baltic
Sea (Gustafsson et al. 2012)
Fig. 18.5 Changes in
phytoplankton primary
production in the Kattegat and the
Belt Sea (Rydberg et al. 2006)
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the sedimentation rate increased by 70 % between the late
1920s and 1980s in the Baltic Proper, whereas Hansson and
Gustafsson (2012) reported an increase of only 25 % after
1950. A larger increase was obtained from model simula-
tions which yielded a rough doubling of sedimentation since
the 1950s (Hansson and Gustafsson 2012) and an almost
fourfold increase since 1900 (Gustafsson et al. 2012).
Cyanobacteria blooms have occurred in the Baltic Sea
since the early brackish Littorina Sea stage (Chap. 2), in
particular during hypoxic bottom water conditions (Bianchi
et al. 2000). Observations suggest an increase in cyanobac-
teria after the 1960s (Finni et al. 2001). Furthermore, bud-
gets for CO2 and total N in the surface water of the central
Baltic Sea indicated an increase in N ﬁxation by cyano-
bacteria of 30 % within the past two decades (Schneider
et al. 2009). Model studies suggest a fourfold (Gustafsson
et al. 2012) to 10-fold (Savchuk et al. 2008) increase in N
ﬁxation since 1900.
18.4.2 Organic Matter Decomposition
and Nutrient Recycling
Decomposition of organic matter refers to both the decay of
large organic compounds into smaller molecules and the
oxidation of organic matter. The latter process is also
referred to as mineralisation and plays a key role in the
cycling of C and nutrients. Mineralisation is a biologically
induced process that can be expected wherever organic
matter exists. This text focuses on mineralisation in water
layers and at the sediment surface below the permanent
halocline that may be cut off from O2 supply for many years
and thus generates an O2-depleted or anoxic environment.
Under such conditions, several important biogeochemical
reactions occur (Box 18.2) that will be discussed in the
following subsections.
18.4.2.1 Hydrographic Forcing of the Deep-Water
Biogeochemistry
The O2 conditions in the Baltic Sea are the result of physical
transport of O2 and consumption of O2 by biogeochemical
processes. Owing to the positive freshwater budget and the
bathymetry of the Baltic Sea, a strong salinity gradient
generates a permanent density stratiﬁcation (pycnocline) that
inhibits the vertical exchange of O2 between the surface and
deep waters. Lateral intrusions and inflows below the py-
cnocline, which is located at about 70 m in the central
Gotland Basin, are the only effective means of O2 transport.
The inflowing water requires a density high enough to sink
down to the near-bottom layers of the central Baltic Sea deep
basins. Those inflows occur irregularly, sometimes at inter-
vals of many years. Matthäus and Franck (1992) used an
intensity index to classify the inflow events during the last
century (Fig. 18.6). During longer periods without a sufﬁ-
cient supply of O2 to the deep water, the continuous con-
sumption of O2 by decomposition of organic matter results
in O2 depletion and eventually in the development of anoxic
conditions. Thus, the Baltic Sea is vulnerable to hypoxia and
anoxia due to its hydrography (Conley et al. 2009a).
The most northern parts of the Baltic Sea, the Bothnian
Sea and Bothnian Bay, are characterised by weaker density
stratiﬁcation, and vertical ventilation by deep convection
may occur in particular years. Owing to the vertical venti-
lation and a lower primary production, this part of the Baltic
Sea is not affected by O2 deﬁciency. A detailed description
of Baltic Sea hydrography is given in Chap. 7.
18.4.2.2 Oxygen Depletion and H2S Formation
Current process understanding: The main reason for O2
demand in sea water is the mineralisation of organic matter.
This is an oxidation process performed by heterotrophic
organisms that use the chemical energy stored in organic
matter and thus reverse chemically the primary production
Box 18.2 Main biogeochemical transformations during primary production and organic matter mineralisation (in the case of mineralisation
by denitriﬁcation and sulphate reduction, the organic matter produced is given without the nitrogen and phosphorus content)
Process Reaction
Photosynthetic primary production 106CO2 + 16NO3
− + H3PO4 + 122H2O + 16H
+ → (CH2O)106 (NH3)16 H3PO4 + 138O2
Oxic mineralisation (CH2O)106 (NH3)16 H3PO4 + 106O2 → 106CO2 + 16NH3 + H3PO4 + 106H2O
Nitriﬁcation NH3 + H2O + 2O2 → NO3− + H+ + 2H2O
Denitriﬁcation 5CH2O + 4NO3
− + 4H+ → 5CO2 + 2N2 + 7H2O (heterotrophic)
8NO3
− + 5HS− + 3H+ → 4N2 + 5SO42− + 4H2O (chemolithotrophic)
Sulphate reduction 2CH2O + SO4
2− + H+ → 2CO2 + HS− + 2H2O
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process (see Box 18.2). A large fraction of the organic matter
produced in the euphotic zone is sinking into deeper water
layers, and by mineralisation, inorganic nutrients and CO2
are again released. In addition to vertical transport, a con-
siderable lateral transport of organic matter, produced in
shallower areas, contributes to the C flux into the deep
basins of the Baltic Sea and intensiﬁes the mineralisation
process (Emeis et al. 2000; Hille et al. 2006; Schneider et al.
2010).
Mineralisation of organic matter requires an electron
acceptor (oxidant), which is provided ﬁrst by O2. Once O2
and other oxidants such as NO3 and manganese oxides are
depleted, sulphate will be used instead. Sulphate reduction
produces H2S that at the deep-water pH mainly occurs as
HS− (see Box 18.2) and is a toxin for many forms of life.
These processes may occur in the water column, but mainly
take place at the immediate sediment surface (fluffy layer)
and in the upper layers of the surface sediment where par-
ticulate organic matter is accumulated. The primary miner-
alisation products such as ammonia, PO4, CO2 and H2S
diffuse into the water column and may undergo further
transformations depending on the redox conditions (see
Sects. 18.4.2.3 and 18.4.2.4). A special mineralisation pro-
cess, methanogenesis, takes place only in deeper organic-
rich sediment layers where sulphate as an oxidant is entirely
consumed. In this case, an internal oxidation/reduction
(disproportionation) of organic matter is mediated by
microorganisms and results in the formation of CO2 and
methane (CH4). However, only a minor fraction of CH4
reaches the surface water and can escape into the atmosphere
because of oxidation processes both in the sediment and in
the water column (Schmale et al. 2010).
Past changes: Eutrophication is considered the main
cause of low O2 concentrations in the deep water of the
present-day Baltic Sea (Larsson et al. 1985; Conley et al.
2009b). The observed deep-water O2 conditions during the
last 100 years (Fig. 18.7) show that the occurrence of H2S
became much more frequent during recent decades. The
increased availability of organic C due to eutrophication
required more electron acceptors, and therefore, the deple-
tion of O2 and formation of H2S were accelerated.
Strong eutrophication started in the 1960s and peaked in
the 1980s (Elmgren 2001; Gustafsson et al. 2012). In com-
bination with a long-lasting stagnation period from 1976 to
1993 (Fig. 18.6) without any signiﬁcant dense inflows from
the North Sea, eutrophication caused high concentrations of
H2S in the deep water of the Gotland Basin. Other locations
such as the Landsort Deep, however, showed an increase in
O2 concentration. In this case, the missing inflow events
weakened the stratiﬁcation due to decreasing salinity and
thus enhanced the vertical O2 flux. Similarly, in the Gotland
Basin, the decreasing stratiﬁcation caused a deepening of the
permanent halocline (Diekmann and Möllmann 2010), thus
exposing larger bottom areas to ventilated surface waters,
while H2S concentrations in bottom waters below the ven-
tilation depth increased (Fig. 18.7). The shrinking of the
hypoxic area during long-lasting stagnation periods is
illustrated in Fig. 18.8. It shows that the hypoxic area was
much smaller at the end of the 1976–1993 stagnation period
than in 2006 after some recent inflows (Conley et al. 2002,
2009a; Savchuk 2010).
Oxygen consumption by organic matter mineralisation is
accompanied by the release of CO2. Hence, the accumula-
tion of total CO2 in stagnant deep water can be used to
estimate O2 conditions. The oldest deep-water data on total
inorganic carbon (CT) originate from 1928–1938 (Buch
1945) and indicate a lower CT accumulation and thus a lower
O2 deﬁciency than at present. This is certainly a conse-
quence of the lower input of particulate organic matter into
deeper water layers due to the lower biomass production at
the beginning of the last century.
Sedimentary records suggest that periods of O2 deﬁciency
and anoxic conditions in the Baltic Sea also occurred in the
historic past (Conley et al. 2009a; Virtasalo et al. 2011)
during warmer climate conditions such as the medieval cli-
mate anomaly (MCA, ca. 900–1350, also known as
Fig. 18.6 Intensity index for
major Baltic Sea inflows during
the last century (Schinke and
Matthäus 1998) and the seasonal
frequency distribution of different
inflow categories (inset)
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Medieval Warm Period, see Chap. 3). During colder periods,
for example the Little Ice Age (ca. 1550–1850, see Chap. 3),
the O2 supply of the deep water improved due to more
intense ventilation. The mechanism behind the correlation
between large-scale meteorological conditions in the differ-
ent climate periods and O2 conditions in the Baltic Sea is not
well understood and subject to ongoing research. It has also
been hypothesised that human activities already had an
impact on the O2 conditions of the Baltic Sea during the
MCA. At that time, a doubling of the population in the
catchment area occurred that led to more intense land use
and possibly increased the release of soil nutrients (Zillén
et al. 2008; Zillén and Conley 2010; see also Chap. 25).
18.4.2.3 Nitrogen Transformations
Current process understanding: Transformations between N
species depend on the O2 conditions (redox potential) and
are mediated by microbial activity. In sea water, the most
important N compounds are ammonia, NO2 and NO3. This
text considers those reactions that take place during the
mineralisation of organic matter below the well-oxygenated
surface layer. Ammonia is the primary product of the min-
eralisation process. In oxic conditions, nitriﬁcation occurs by
which ammonia is rapidly oxidised ﬁrst to NO2 and ﬁnally to
NO3 (Box 18.2).
By vertical mixing, NO3 may become available for new
production in the surface water. An N transformation with
more far-reaching consequences for the N balance is deni-
triﬁcation, by which NO3 is reduced to elemental N2 and
thus removed from the DIN pool. This occurs at low O2
concentrations (<5 µmol L−1, Devol 2008) by the use of
NO3 for the oxidation of organic matter (Box 18.2). This
heterotrophic denitriﬁcation is most effective in the organic-
rich upper sediment layers that are in contact with an oxic
Fig. 18.7 Time series of oxygen
and hydrogen sulphide (shown as
negative oxygen equivalents) for
the Gotland Deep and Landsort
Deep. The dashed lines mark the
long-lasting stagnation period
from 1976 to 1993 (adopted from
Fonselius 1969 and updated to
2013 by monitoring data from the
Swedish Meteorological
Hydrological Institute and the






(a) (b)Fig. 18.8 Sediment area (red)
covered by hypoxic waters
containing less than 2 mL L−1
dissolved oxygen: a at the end of
a long-lasting stagnation period in
1993 (11,050 km2) and b in 2006
subsequent to some inflow events
(67,700 km2) (Conley et al.
2009a)
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water column where NO3 is produced by nitriﬁcation. But
denitriﬁcation may also take place in the water column, in
particular if a pelagic redoxcline exists. In this case, deni-
triﬁcation occurs mainly by oxidation of H2S through NO3
(Box 18.2) during mixing of oxic and anoxic waters at the
redoxcline (chemolithotrophic denitriﬁcation).
Most of the studies on denitriﬁcation focused on the
pelagic redoxcline. Incubation experiments have been used
to determine denitriﬁcation rates (Rönner and Sörensen
1985; Brettar and Rheinheimer 1991, 1992; Hannig et al.
2007), which, however, did not allow an estimate of the
large-scale effect of denitriﬁcation on the Baltic Sea DIN
budget. Other studies used measurements of the N2 pro-
duction in order to quantify the effect of denitriﬁcation
(Rönner and Sörensen 1985; Löffler et al. 2011). Mass bal-
ances were used by Gustafsson and Stigebrandt (2007) and
Schneider et al. (2010) to quantify the denitriﬁcation that
takes place during the transition from oxic to anoxic con-
ditions after renewal of the Gotland Sea deep water.
In addition to the process-orientated studies, attempts
have been made to quantify the large-scale denitriﬁcation.
Based on a mass balance model, Shaffer and Rönner (1984)
reported a total denitriﬁcation for the Baltic Proper of
470 kt N year−1 which corresponds to a removal of about
50 % of the total annual N input to the Baltic Sea. Fur-
thermore, they estimated that 80–90 % of the denitriﬁcation
occurred in surface sediments and that denitriﬁcation at the
pelagic redoxcline is thus of minor importance. Voss et al.
(2005) concluded from isotopic measurements (δ15N) that
sediments of the coastal rims play an important role in the
removal of DIN. They found that the annual denitriﬁcation
in coastal areas of the Baltic Proper may range between 580
and 855 kt N. This implies that the river N load is largely
removed close to the coast and has only a minor effect on
eutrophication of the central basins. However, this conflicts
with the strong increase in DIN in the central Baltic Sea
(Fig. 18.4) that roughly coincides with the increasing N
loads during 1950–1980 (Fig. 18.2). Deutsch et al. (2010)
investigated denitriﬁcation in sediments with different
physical and chemical properties. The results were extrap-
olated to the entire Baltic Sea by the use of maps describing
sediment characteristics for the entire Baltic Sea. For the
Baltic Proper, sediment denitriﬁcation amounted to
191 kt N year−1. Together with denitriﬁcation at the pelagic
redoxcline calculated from the rate measurements of Brettar
and Rheinheimer (1991), this implies a total denitriﬁcation
of 397 kt N year−1 for the Baltic Proper. For the remaining
regions where no pelagic redoxcline exists, Deutsch et al.
(2010) reported a sediment denitriﬁcation of
235 kt N year−1. Hence, the total denitriﬁcation in the Baltic
Sea (823 kt N year−1) agrees with the upper limit given by
Voss et al. (2005).
Past changes: Although reliable and consistent estimates
of the present-day denitriﬁcation are not yet available, the
annual rates under discussion indicate the paramount
importance of this process for the Baltic Sea N budget and
ultimately for many related biogeochemical processes.
Hence, long-term changes in denitriﬁcation may have
changed the cycling of nutrients and thus had an effect on the
productivity of the Baltic Sea. Direct evidence for past
changes does not exist, but it is reasonable to hypothesise
that denitriﬁcation has increased concurrently with increas-
ing production because organic matter provides the substrate
and generates the necessary redox gradient for denitriﬁca-
tion. This hypothesis is supported by observations by Vah-
tera et al. (2007) who found a negative correlation between
the Baltic Sea DIN pool and the volume of hypoxic water.
Since eutrophication has increased the extent of hypoxia
during the last century, denitriﬁcation may constitute a
negative feedback on eutrophication by partly removing the
increasing input of DIN. On the other hand, higher denitri-
ﬁcation rates and a concurrent increased PO4 release at
hypoxic conditions (see Sect. 18.4.2.4) are decreasing the N:
P ratio in the nutrient pool (Savchuk 2010). This will favour
N ﬁxation, which may then at least partly compensate DIN
losses by denitriﬁcation.
18.4.2.4 Phosphorus Transformations
Current process understanding: Organic P compounds in
the water column are subject to mineralisation and other
biological and abiotic transformation processes during
transportation and settling. Decomposition of organic P
results in small organic molecules and PO4 which is used by
algae and bacteria. Although phosphate exists mainly as
HPO4
2− at sea water pH around 8, it is commonly depicted
by ‘PO4’. PO4 can also be adsorbed onto particulate material
and settle to the sea floor (Froelich 1988). Mineralisation and
transformation processes continue at the sediment–water
interface and in surface sediment layers (e.g. Sundby et al.
1992).
In oxic conditions and Fe-rich systems, PO4 is adsorbed
onto amorphic oxyhydroxides of ferric iron (Fe3+) (Mortimer
1941; Hingston et al. 1967). In the sediment pore water, PO4
diffuses upwards into the oxic sediment layer and can be
bound to Fe-oxyhydroxides at the surface (Mortimer 1971;
Krom and Berner 1981). Fe-bound P is abundant in surface
sediments overlain by oxic bottom waters in the Baltic Sea
(Balzer 1986; Jensen and Thamdrup 1993; Lukkari et al.
2009; Mort et al. 2010). Furthermore, in oxic conditions,
activity of benthic fauna oxygenates the sediment and
enhances binding of PO4. Benthic fauna can also mix PO4
from pore water to the water column and accelerate the
release of P from the organic phase by enhancing microbial
activity (Aller 1988; Kristensen 1988).
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In sediments overlain by anoxic water, Fe in the oxyhy-
droxides is reduced resulting in the release of associated PO4
(Einsele 1936; Mortimer 1941). In organic-rich sediments
common in the Baltic Sea, O2 consumption by mineralisa-
tion of organic matter can create reduced conditions, if the
O2 is not replenished. When Fe-oxyhydroxides are not able
to form, or they form only a thin layer on the sediment
surface, PO4 is not efﬁciently retained (Mortimer 1971).
Furthermore, in brackish and marine environments, sulphide
can restrict participation of Fe in PO4 binding by precipi-
tating ferrosulphides (Berner 1970; Caraco et al. 1989).
According to the ‘vicious circle’ hypothesis, eutrophica-
tion nourishes itself by increasing production and sedimen-
tation of organic matter which enhances the formation of
anoxia (e.g. Vahtera et al. 2007). When anoxia extends to
previously oxic bottom areas rich in Fe-bound PO4, it releases
more PO4 from the sediment. If vertical mixing in the water
column supplies released PO4 to the productive layer, it fur-
ther enhances eutrophication, leading to yet another progres-
sion of anoxia. However, if the sea area has been anoxic for a
long period, the amount of Fe-bound PO4 sensitive to
reduction-induced release may have already been diminished
(Lukkari et al. 2009; Jilbert et al. 2011; Malmaeus and Kar-
lsson 2012). Furthermore, under anoxia, regeneration of
organic P may be enhanced (Ingall et al. 1993; Ingall and
Jahnke 1994), for example via release of organic P com-
pounds from Fe-oxyhydroxides (Suzumura and Kamatani
1995) and release of PO4 from microbial sources (Gächter
et al. 1988; Ingall and Jahnke 1994; Hupfer et al. 2004).
Past changes: Important long-term changes affecting P
transformations and cycling within the Baltic Sea are linked
to increasing P inputs during the last century. This has a
direct effect on the total PO4 inventory in the Baltic Sea and
is reflected in the increase in surface water PO4. Hence,
organic matter production was enhanced and resulted in an
accelerated O2 depletion and ﬁnally the intensiﬁed formation
of anoxia in the deeper below-halocline water layer since the
1970s (Conley et al. 2009a). This has restricted the binding
of PO4 to Fe-oxyhydroxides in the sediments and PO4
recycles longer in the system maintaining higher PO4 levels
in the water (Ingall et al. 1993; Hille et al. 2005; Jilbert et al.
2011). Figure 18.9 presents observations of PO4 concentra-
tion in the bottom water of the central Gotland Sea since
about 1960. A trend cannot be detected because large
changes occurred on short timescales. These can be
explained by concomitant variations in O2 concentrations
and by the abundance of H2S, which are controlled by
irregular saltwater inflows from the North Sea.
18.4.3 The Marine CO2 (Acid/Base)
System
The marine CO2 system is of biogeochemical importance as
it regulates the pH of sea water and at the oceanic scale is a
major control for atmospheric CO2. This has stimulated
intensive research on the marine CO2 system during the last
20–30 years when the role of the oceans for the uptake of
anthropogenic CO2 and the consequences for marine bio-
geochemistry became increasingly evident. Investigations of
the marine CO2 system can also be used as a tool to study
biogeochemical processes since biological production and
decomposition of organic matter are intimately connected
with the consumption or release of CO2.
18.4.3.1 Current Process Understanding
The marine CO2 system constitutes the major component of
the acid/base balance in sea water. It is characterised by
thermodynamic equilibria between hydrogen ions (pH) and
the different CO2 species (Box 18.2 and Schneider 2011).
The latter are dissolved CO2, carbonic acid (H2CO3),
hydrogen carbonate (HCO3
−) and carbonate ions (CO3
2−).
The sum of the different CO2 species is called total CO2, CT
or dissolved inorganic carbon (DIC). Another important
variable of the CO2 system is the CO2 partial pressure
(pCO2), which is proportional to the CO2 concentration.
Finally, another variable to be considered is the alkalinity,
AT, which is deﬁned as the excess of proton acceptors such
as HCO3
− and CO3
2− ions over proton donors (H+). The AT
controls the change in pH upon the addition of CO2 or other
acidic substances and is thus regarded as the buffer capacity
of sea water (Omstedt et al. 2010).
Fig. 18.9 Time series of phosphate (PO4) and oxygen (O2) concen-
trations in the deep water of the central Gotland Sea. Negative O2
values represent hydrogen sulphide (H2S) oxidation equivalents
(Swedish National Monitoring Programme, SMHI)
18 Environmental Impacts—Marine Biogeochemistry 349
The large-scale distribution of total CO2 in the Baltic Sea
surface water is widely controlled by alkalinity, which
originates mainly from the weathering of limestone in the
catchment. The soils in the southern and eastern catchment
are rich in limestone, and thus, their rivers carry large
amounts of AT into the Baltic Sea. In contrast, the igneous
rocks prevailing in the Scandinavian catchment result in low
river water AT.
Data for total CO2 in surface water along a transect
through the entire Baltic Sea (Beldowski et al. 2010) show
highest values (>2000 µmol kg−1) in the Kattegat and
minimum values of about 600 µmol kg−1 in the Bothnian
Bay. However, due to uptake and release of CO2 during
biological production and mineralisation of organic matter, a
distinct seasonal cycle is superimposed on the AT-controlled
background CT and is reflected in the surface water pCO2.
The pCO2 seasonality of the surface water in the central
Baltic Sea obtained from automated measurements on a
cargo ship (Schneider 2011) reveals two typical minima
(Fig. 18.10). These are caused by CO2 consumption during
the two major productive periods which are the spring bloom
and the N-ﬁxing cyanobacteria bloom in midsummer.
Later in the year, the pCO2 recovers and exceeds the
atmospheric level. This is mainly due to the deepening of the
mixed layer which leads to the transport of CO2-enriched
deeper water layers to the surface. The pCO2 is directly
linked to the pH which accordingly shows pronounced
seasonality. High pH (of about 8.5) is observed during the
spring/summer productive period, and low pH (around 7.9)
can occur during the deepening of the mixed layer in
autumn/winter (Wesslander et al. 2010).
The mainly biologically driven seasonal cycle in the
surface water pCO2 also controls the annual CO2 gas
exchange balance since the gas exchange is driven by the
difference between the surface water pCO2 and the relatively
stable atmospheric pCO2. It is not known whether the Baltic
Sea is a net sink or a net source of atmospheric CO2.
Whereas Thomas and Schneider (1999) reported a CO2
uptake of 0.9 mol m−2 year−1 by the central Baltic Sea,
Wesslander et al. (2010) concluded that the Gotland Sea and
Bornholm Sea are sources of atmospheric CO2 and release
1.6 and 2.4 mol m−2 year−1 CO2, respectively, to the
atmosphere. These discrepancies are due to the different data
sources, all showing insufﬁcient temporal and spatial cov-
erage in view of the huge daily, seasonal, interannual and
regional variability in surface water pCO2.
The deep water of the major basins is subject to continual
mineralisation of organic matter that leads to the accumu-
lation of total CO2 during periods of stagnation. To estimate
the effect of increasing CT on pH, concurrent alkalinity
changes must be taken into account (Edman and Omstedt
2013). During oxic conditions, nitriﬁcation of ammonia
Box 18.3 The marine CO2 system: variables and equilibria (square brackets indicate concentrations)
Total CO2 (dissolved inorganic carbon) CT ¼ ½CO2 þ ½H2CO3 þ ½HCO3  þ ½CO23 
Alkalinity (oxic waters) AT ¼ ½HCO3  þ 2  ½CO23  þ ½B(OH)4  þ ½OH  ½Hþ
CO2 partial pressure pCO2
Hydrogen ions pH ¼ log½Hþ
CO2 solubility constant (k0) ½CO2 ¼ k0:pCO2
1. Dissociation constant (k1) CO2 þ H2O $ HCO3 þ Hþ :
½Hþ  ½HCO3 
½CO2
¼ k1 ½CO2 ¼ ½H2CO3 þ ½CO2




Calcium carbonate solubility product, ksp Saturation : ð½Ca2þ  ½CO23 Þ ¼ ksp
Fig. 18.10 Typical seasonality in the CO2 partial pressure (pCO2) of
surface water (blue line) and in the atmosphere (green line) in the
central Baltic Sea (adopted from Schneider 2011)
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takes place and results in a decrease in alkalinity. This
slightly ampliﬁes the strong decrease in pH caused by the
gain in CT. As a consequence, the pH at O2 concentrations
close to zero may be about one unit lower than the mean
surface pH. When the water is turning to anoxic conditions,
both denitriﬁcation and especially sulphate reduction, toge-
ther with the associated release of ammonia from organic
matter, strongly increase alkalinity. This damps a further
decrease in pH during mineralisation at anoxic conditions
and stabilises pH at about 7.0 (Ulfsbo et al. 2011) after a
longer period of stagnation.
18.4.3.2 Past Changes
A large set of historical CO2 data for the northern Baltic Sea
including the Gulf of Bothnia and Gulf of Finland is available
for 1927–1938 when the ﬁrst pioneering studies on the marine
CO2 system were performed by Kurt Buch and co-workers at
the Finnish Institute of Marine Research (FIMR) in Helsinki.
They determined equilibrium constants for the CO2 system
that agreed reasonably well with those determined by more
sophisticated analytical techniques in recent years. This
indicates that their data can be compared against the present-
day status of the marine CO2 system. The current text restricts
discussion on possible change in the CO2 system to the sur-
face water because interpreting the deep-water CO2 data
requires detailed information about the chronology of water
mass stagnation and renewal events. This is not available for
the Buch (1945) data, which give only seasonal mean values.
Surface water pCO2 reflects the interplay between bio-
logical production, mineralisation and mixing, and has
undergone large changes during the past 80 years. In Buch’s
(1945) data, the pCO2 minimum after the spring bloom in
the eastern Gotland Sea was about 270 µatm. Taking into
account the lower atmospheric pCO2 during the 1930s
(about 320 µatm, Callendar 1940), a CO2 partial pressure
difference, DpCO2, of about −50 µatm is obtained which
indicates moderate undersaturation of the surface water with
regard to atmospheric CO2. Recent pCO2 measurements
show a spring bloom minimum of about 150 µatm which
corresponds to a DpCO2 of −250 µatm (Schneider 2011).
This undersaturation is about ﬁvefold larger than at the
beginning of the last century and can be attributed to
increased organic matter production as a consequence of
eutrophication. Although this is consistent with other his-
toric production estimates, it must be taken into account that
Buch’s (1945) spring value refers only to a single year and
so its representation for the spring bloom can be questioned.
The changes in surface water DpCO2 during the past
80 years are even more pronounced in midsummer. Due to
the intense N2 ﬁxation in July, the DpCO2 in the central
Baltic Sea currently amounts to almost −300 µatm
(Schneider et al. 2009), whereas the mean DpCO2 at this
time of year for 1927–1935 was less than −40 µatm (Buch
1945). This indicates low or even absent N ﬁxation activity
before the onset of the eutrophication.
Changes in the marine CO2 system are also due to the
uptake of anthropogenic CO2. The increase in atmospheric
CO2 from 280 ppm during the pre-industrial era to almost
400 ppm in 2010 has led to a corresponding increase in the
mean surface water pCO2. According to the thermodynamics
of the marine CO2 system, a decrease in pH of about 0.15
units can be expected if no other changes in the biogeo-
chemical cycles had occurred. This phenomenon is called
‘ocean acidiﬁcation’ and has stimulated many research
projects on the ecological consequences of the decreasing
pH. Monitoring programmes have included pH measure-
ments for several decades, and large amounts of data are
currently stored at national and international data centres.
But due to methodological shortcomings, many of the older
data are highly uncertain and are not suitable for trend
analysis. Data with a higher accuracy and a monthly reso-
lution are available for the early 1990s onwards at the SMHI
and FIMR data centres. However, the expected trend of 0.02
pH units per decade, which corresponds to the current
increase in atmospheric CO2 of 2.0 ppm year
−1, could not be
deﬁnitively identiﬁed. This may be due to the large seasonal
amplitude of the pH signal and/or to the considerable
interannual variability (Wesslander et al. 2010). It is also
possible that other changes in the biogeochemical conditions
may have counteracted the pH decrease. With reference to
the data of Buch (1945), alkalinity in the eastern Gotland Sea
increased by about 100 µmol kg−1 during the last century.
The effect on pH is roughly an increase of 0.03 units by
which the effect of the increasing atmospheric CO2 levels
since the pre-industrial era (0.15 units) was reduced.
The increasing uptake of anthropogenic CO2 will also
decrease the concentrations of carbonate ions and thus
decrease the state of the calcium carbonate saturation (Ω)
which is deﬁned by
X ¼ CO23
  Ca2þ =ksp
where ksp is the solubility product. This may affect the
growth and possibly the survival of organisms that form
shells consisting of calcite or aragonite which are the two
biogenic CaCO3 crystal forms. Historic calcite and aragonite
saturation values can be calculated from Buch’s (1945)
measurements during 1928–1938. For surface water in the
eastern Gotland Sea, a maximum oversaturation is obtained
for calcite during midsummer (1.65), whereas a slight un-
dersaturation (0.92) was found for aragonite. Despite an
increase in atmospheric CO2 by about 80 ppm since Buch’s
measurements, the surface water saturation for calcite and
aragonite in midsummer did not decrease, but instead
increased by a factor of 2.6 during the last 80 years
according to pCO2 measurements performed in 2005
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(Schneider et al. 2009). This is mainly a consequence of the
low pCO2 that is caused by the eutrophication-related high
production and that has completely overridden the effect of
the rising atmospheric pCO2. However, enhanced production
implies increased mineralisation and high CO2 concentra-
tions in the deeper layers. Increased vertical mixing during
winter therefore adds CO2 to the elevated atmospheric CO2
(Fig. 18.10). According to measurements in 2005 (Schneider
et al. 2009), this results in a distinct calcite and aragonite
undersaturation during winter of 0.56 and 0.31, respectively.
18.4.4 Burial of Carbon, Nitrogen
and Phosphorus
18.4.4.1 Current Process Understanding
The biogeochemical cycling of C, N and P is linked via
biological productivity (Mackenzie et al. 1993; Anderson
et al. 2001), and their removal from the system through
burial in the sediment is important for eutrophication and the
CO2 balance. When C, N and P in the sediment are no longer
signiﬁcantly interacting with the water column, they can be
considered as buried. Buried C and N in the sediments of the
Baltic Sea are mainly in the form of organic compounds,
whereas a substantial part of P occurs as inorganic forms
such as associates with Fe-oxyhydroxides and various cal-
cium compounds (Conley et al. 1997; Carman 1998; Aigars
and Carman 2001; Mort et al. 2010). Burial of P formed in
the marine system removes P from the nutrient cycle, while
refractory P transported from land is buried passively (Rut-
tenberg and Berner 1993; Delaney 1998). In the Baltic,
reactive P (i.e. potentially bioavailable that can promote
primary productivity, Anderson et al. 2001) is mainly buried
in organic form (Mort et al. 2010).
It has been hypothesised that N and P are preferentially
released during the mineralisation of organic matter and that
the remainder that is deposited on the sea floor and buried is
enriched in C (e.g. Froelich et al. 1982; Andersen and Jensen
1992; Ingall et al. 1993; Anderson et al. 2001). Hence, atomic
ratios of organic C, N and P in sediment, compared to those in
plankton (Redﬁeld et al. 1963), have been used to draw
conclusions regarding the decomposition or origin of the
buried material (e.g. Froelich et al. 1982; Ruttenberg and
Goñi 1997). However, atomic ratios are affected by many
biogeochemical processes and properties of the sedimentation
environment (e.g. Ingall and Van Cappellen 1990; Ingall and
Jahnke 1994; Anderson et al. 2001; Jilbert et al. 2011). C:N:P
ratios presented in the literature for the Baltic Sea sediments
vary depending on sea area, bottom type and sediment depth
(e.g. Carman and Cederwall 2001), the variation being clearly
higher in the C:P ratio than that in the C:N ratio.
In the Baltic Sea, characteristic conditions that affect
sedimentation and burial of C, N and P are, for example,
high input of terrestrial material, shallow water column,
intense production of organic matter and variable topogra-
phy of the sea floor (Winterhalter et al. 1981; Carman and
Cederwall 2001). Burial is most effective in the deep basins,
which accumulate resuspended material from erosion and
transportation areas. Carman and Cederwall (2001) esti-
mated the contributions of erosion (19–33 %), transportation
(38–46 %) and accumulation (28–41 %) areas to the sea
floor of the Baltic Proper, the Gulf of Bothnia, the Gulf of
Finland and the Gulf of Riga.
Figure 18.11 shows the spatial variation in particulate
organic C content in the sediments (Leipe et al. 2011).
Sedimentation rates of organic matter vary spatially, espe-
cially in the archipelagos because of the fractured topogra-
phy (Winterhalter et al. 1981) and temporally because of the
seasonality of plankton growth and senescence (Bianchi
et al. 2002). Anoxia which is common in the Baltic Sea can
favour burial of organic matter but diminish the burial of P
because the formation of Fe-oxyhydroxides that bind PO4 is
inhibited (Van Cappellen and Ingall 1994; Ingall et al. 1993;
Mort et al. 2010; Jilbert et al. 2011). In the Baltic Sea,
Edlund and Carman (2001) reported higher organic C:P
ratios for anoxic than for oxic sites and Jilbert et al. (2011)
suggested increasing rates of P mineralisation in more
reduced conditions. However, it is also conceivable that the
shift to higher C:P ratios is caused by a slower organic C
mineralisation. In oxic areas, benthic fauna affect burial of C,
N and P (Aller 1988; Kristensen 1988; Andersen and Jensen
1991; Andersen and Kristensen 1992; Norkko et al. 2011).
18.4.4.2 Past Changes
It has been estimated that the sedimentation of organic
matter and thus the burial of C, N and P increased in the
Baltic Sea during the latter half of the twentieth century as a
result of eutrophication (Jonsson and Carman 1994; Bons-
dorff et al. 1997; Emeis et al. 2000; Vaalgamaa and Conley
2008). Jonsson and Carman (1994) suggested an increase in
organic matter deposition by a factor larger than 1.7 between
the 1920s and 1980s in the northern Baltic Proper and Emeis
et al. (2000) estimated a fourfold increase in sediment
accumulation in the Bornholm, Gdansk and Gotland basins
since 1900. Shaffer (1987) estimated that in 1900, the burial
rate of C may have been about 0.2 mol m−2 year−1 in the
Baltic Proper, compared to about 0.8 mol m−2 year−1 in
1980. More recent literature presents variable C burial rates
of up to about 5 mol m−2 year−1 for the Baltic Proper. Burial
rates reported for N and P in the Baltic Sea vary from 77 to
1286 mmol m−2 year−1 and 2 to 51 mmol m−2 year−1,
respectively. According to Mort et al. (2010), burial of P has
not clearly increased in the Baltic Proper, and Jilbert et al.
(2011) suggested that burial of organic P has increased in
hypoxic basins in the Baltic Proper because of enhanced
burial of organic matter.
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Several authors have reported that increasing nutrient
inputs and anoxia have altered the C:N:P ratios in the Baltic
Sea sediments (e.g. Emeis et al. 2000; Hille 2006; Mort
et al. 2010). For example, Emeis et al. (2000) reported a
twofold increase in the C:P ratios in the Gdansk basin since
1950. Similar ﬁndings were made by Hille (2006) who
analysed the elemental ratios of C, N and P in sediment
cores from the Gotland Sea. The C:P ratios (Fig. 18.12a)
increased by a factor of more than two during the last
century. In contrast, the C:N ratios (Fig. 18.12b) remained
relatively stable with values around 10 which is consistent
with measurements performed at the beginning of the last
century in different regions of the northern Baltic Sea
(Gripenberg 1934).
Fig. 18.11 Distribution of the
percentage of particulate organic
carbon (POC) in surface
sediments in the Baltic Sea (Leipe
et al. 2011)
Fig. 18.12 Mean molar C:P (a) and C:N (b) ratios and standard deviation in sediments from the Gotland Basin. Sediment above 10–16 cm depth
(grey bar) represents material accumulated during approximately the last 100 years (data from Hille 2006)
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18.5 Response to Potential Future
Changes
18.5.1 Nutrient Inputs
The HELCOMhas adopted several recommendations since the
1970s to reduce nutrient loading of the Baltic Sea. A ﬁrst
attempt was to implement a 50 % reduction for N and P loads
until 1995 (HELCOM 1988). This reduction target was not
achieved (HELCOM 2009). With eight coastal countries being
members of the European Union (EU), EU policies have
become important for the Baltic Sea. Following the Water
Framework Directive (WFD), nutrient reduction measures are
to be installed that lead to a ‘good ecological status’ (European
Parliament 2000). While the WFD is restricted to coastal
waters, the EU Marine Strategy Framework Directive (MSFD,
European Parliament 2008) refers to good environmental status
in open sea areas as well as coastal waters.
Based on deﬁnitions of good environmental status,
maximum allowable nutrient loads have been estimated.
These loads are formulated as targets in the Baltic Sea
Action Plan. The BSAP was adopted by the HELCOM
member states in 2007. Compared to the period 1997–2003,
a 19 % reduction for N and a 42 % reduction for P loads
should be reached by 2021. However, the BSAP is currently
(as of 2013) under revision and new reduction targets may
be deﬁned. While the P loads to the Baltic Sea can probably
be reduced in the future, the perspective is less optimistic for
the N loads. Even if the BSAP aims for a reduction in N
loads, an increase in livestock may counteract this effort.
With further economic development especially in some
eastern European countries, animal protein consumption by
humans is expected to increase. Since it is unlikely that
increasing demand for animal proteins will be covered
entirely by imports, a more likely scenario is an intensive
development of the agricultural sector in the transitional
countries. There is potential for large animal farms to be
established in regions with low or inefﬁcient current use of
agricultural land. Such development could have a strong
impact on the N flux from the catchment (see also Chap. 17).
Eriksson Hägg et al. (2010) calculated that an increased
protein consumption scenario would lead to a 16–39 %
increase in N fluxes from the catchment. Taking into account
climate-induced changes in river discharge, the increase in
the N flux could be 3–72 % depending on the climate sce-
nario. If N fluxes increase and P fluxes decrease, this would
probably increase primary production in spring, but decrease
the midsummer cyanobacteria blooms (Humborg et al.
2007).
Atmospheric deposition of N may increase in the future
due to increased precipitation and increased shipping and
agriculture. The recent share of atmospheric deposition in N
loads is about 25 %, while the atmospheric load of P
accounts for only a few percentage of the total load (HEL-
COM 2009).
18.5.2 Biogeochemical Cycles
Understanding of the impact of future climate change and
other anthropogenic drivers on biogeochemical cycles is still
limited. Several factors may influence the biogeochemical
cycles in different ways. Hydrographic conditions affect the
mixing depth, vertical exchange of nutrients and O2, and
inflow dynamics. Higher temperatures decrease the solubil-
ity of O2 in sea water and accelerate many biogeochemical
processes. Changing run-off and precipitation patterns
influence the nutrient loads to the Baltic Sea. Taking into
account that the Baltic Sea ecosystem is a complex, non-
linear system, the effect of changes in external forcing is best
quantiﬁed by numerical models. The BONUS (www.
bonusportal.org) programme supports several projects that
aim to quantify the response of the Baltic Sea ecosystem to
climate change.
One focus of climate change effects on the Baltic Sea is
the future development of O2 conditions because it is a key
parameter for biogeochemical cycles. Future warming will
increase hypoxia through several interacting processes.
Temperature controls stratiﬁcation, mineralisation of organic
matter and the solubility of O2. Conley et al. (2009b) pos-
tulated that higher temperatures are likely to exacerbate
hypoxia. Meier et al. (2011) showed with the aid of a model
ensemble that future climate change could expand O2-
depleted regions. Reasons for increasing hypoxic and anoxic
areas (Fig. 18.13) are increasing nutrient loads due to
enhanced river run-off, reduced O2 solubility and accelerated
recycling of organic matter. The same model ensemble
projected that hypoxic and anoxic periods in the main
southern and central basins of the Baltic Sea could become
more frequent and last longer (Neumann et al. 2012). This
may lead to intensiﬁed P mobility and reduced denitriﬁcation
efﬁciency. As a consequence, the pelagic DIN and DIP
concentrations as well as primary production would increase
(Meier et al. 2012). Such changes in biogeochemical fluxes
imply that even if nutrient loads are reduced according to the
BSAP, the Baltic Sea ecosystem would not recover but
would stabilise close to its present state.
Furthermore, warming will preferentially favour cyano-
bacteria blooms. Blooms are expected to start earlier in
summer, and N ﬁxation might increase (Neumann 2010;
Neumann et al. 2012; Meier et al. 2012). It was also shown
that increasing nutrient loads due to climate-induced change
in river run-off have a smaller impact on the modelled
phytoplankton development than changes caused by socio-
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economic development. The pessimistic ‘business-as-usual’
scenario for nutrient loads could lead to increasing adverse
effects on the marine environment in a future climate (Meier
et al. 2011).
Omstedt et al. (2012) used a complex model system that
included biogeochemical processes in the catchment area
(see Chap. 17) to simulate the future development of the
hypoxic areas. For both the business-as-usual and the BSAP
scenarios, they found almost the same long-term trend pat-
tern as Meier et al. (2011) (Fig. 18.13), however, with an
overall offset of about 20,000 km2.
18.5.3 Acidification
In addition to eutrophication, ocean acidiﬁcation (decreasing
pH) caused by increasing atmospheric CO2 is considered a
major potential threat for the Baltic Sea. Taking into account
only the effect of the CO2 increase and ignoring other
potential changes in the marine CO2 system, the pH decrease
may be calculated on the basis of the acid/base equilibria in
sea water. Assuming the worst-case scenario, which is an
increase from about 400 ppm CO2 at present to 950 ppm at
the end of the century (van Vuuren et al. 2011), yields a
decrease in the mean pH in the Baltic Sea surface water of
about 0.4 pH units. Since pH is a logarithmic quantity, this is
equivalent to an increase in hydrogen ion (H+) concentration
by a factor of 2.5. This corresponds to a decrease in calcium
carbonate saturation by a factor of approximately 2 and may
affect the survival of organisms such as mussels that form
calcite or aragonite shells (Brander and Havenhand 2011).
To estimate the possible future development of pH in the
Baltic Sea until 2100, Omstedt et al. (2012) developed a
biogeochemical model that included the cycling of C and
thus the marine CO2 system which mainly controls the acid/
base system in sea water. The model was coupled with a
catchment model in order to account for climate-induced
change in the riverine inputs of total CO2 and alkalinity and
of dissolved organic C. Both these classes of C compound
affect sea water pH, either directly or in case of organic C by
mineralisation. Their release by weathering and soil organic
matter transformation and transport in a changing climate
were simulated by sub-models for the catchment area.
Simulations with the coupled models were performed for a
variety of different climate, nutrient load and land cover
scenarios. The results were used to identify the contributions
of the different forcing factors to a possible change in sea
water pH.
Figure 18.14 shows the simulated pH development until
2100 for a best-case and a worst-case forcing scenario (green
and red line, respectively). The best case refers to a climate
change scenario based on CO2 emission reductions resulting
in atmospheric CO2 concentrations of about 550 ppm in
2100 (ECHAM, B1). It is combined with reduced nutrient
loads to the Baltic Sea according to the BSAP. For the worst
case, a climate change scenario (ECHAM, A2) is used that
yields ﬁnal CO2 concentration of about 850 ppm and the
nutrient loads are assumed to increase according to a busi-
ness-as-usual scenario. A decrease in pH of about 0.40 and
0.26 in surface waters of the central Baltic Sea is obtained
for the worst-case and best-case scenarios, respectively
(Fig. 18.14). Analysis of the model simulations showed that
changes in surface water pH are mainly due to rising
atmospheric CO2 concentrations. Increasing nutrient loads
that cause enhanced biological production only increased the
seasonal pH amplitude; they had no effect on mean pH.
Temporal change in the pH of the Gotland Sea deep water
is less regular because of the interplay between stagnation
periods and water renewal events. Nevertheless, the model
simulations show a pH decrease for both scenarios. How-
ever, in the best-case scenario, pH declines only until 2000,
then shows no further change. In contrast, for the worst-case
scenario, the simulations show a continuous decrease in
deep-water pH (Fig. 18.14). Furthermore, model experi-
ments indicate that pH in the deep water results not only
from increasing atmospheric CO2 but is also partly con-





development of (a) hypoxic
(<2 mL O2 L
−1) and (b) anoxic
(<0 mL O2 L
−1) areas within the
Baltic Sea for three nutrient load
scenarios: the BSAP (blue),
reference (see Sect. 18.3.1)
(black) and business-as-usual
(red) (Meier et al. 2011)
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18.6 Conclusion
The ﬁrst assessment of climate change in the Baltic Sea
(BACC Author Team 2008) did not include a chapter
explicitly dedicated to Baltic Sea biogeochemistry. How-
ever, some aspects such as nutrient inputs, the relationship
between nutrient availability and biomass production, and
the consequences of eutrophication for deep-water O2 con-
ditions were addressed in Chap. 5 Climate-related Marine
Ecosystem Change. Since then, much progress has been
achieved, particularly in the reconstruction of past changes
and model simulations of future eutrophication scenarios.
This is mainly due to BONUS-funded research and is pre-
sented here. In general, this chapter has focussed on the
description of the basic processes controlling the complex
relationship between nutrient transformations and organic
matter production and mineralisation. This implies a con-
sideration of both the O2/H2S budget and the marine CO2
system, and so is related to both eutrophication and
acidiﬁcation.
Data on the concentrations of nutrients, O2 and H2S in the
Baltic Sea are available for about the last 40 years and
clearly indicate that major biogeochemical changes have
occurred. Nitrate and PO4 concentrations in the winter sur-
face water of the Baltic Proper increased by a factor of
approximately 3. This is consistent with the enhanced
nutrient inputs by river water and atmospheric deposition
during the last century. However, inputs have decreased
since about 1980 and are currently at a level that is roughly
comparable to that in 1960. This is reflected in a decrease in
NO3 concentrations in the winter surface water of the Baltic
Proper since 1980. A similar trend does not exist for PO4
concentrations. This is partly explained by the long residence
time of P in the Baltic Sea and its temporary storage as PO4–
Fe-oxyhydroxide. But considerable uncertainties in the input
estimates must also be taken into account. As a consequence
of the increasing nutrient concentrations that mainly control
the net organic matter production and the export into deeper
water layers, the frequency of H2S occurrence has increased.
This may have enhanced the recycling of PO4 and favoured
blooms of N-ﬁxing cyanobacteria. Data concerning the
marine CO2 system are available for the 1920s and 1930s.
They indicate that net biomass production has increased
since then by a factor of about 2.5. The data also show that
alkalinity in the Baltic Proper has increased and has con-
siderably damped the decline in pH caused by rising levels
of atmospheric CO2.
Model simulations of scenarios concerning the future
biogeochemistry of the Baltic Sea indicate that climate change
is likely to exacerbate eutrophication effects in the Baltic Sea.
However, they also indicate that the implementation of the
BSAP could help to decrease slightly the area covered with
hypoxic and anoxic waters despite climate change effects. In
contrast, the business-as-usual nutrient input scenario
increased the hypoxic area by about 30 % and more than
doubled the anoxic area. Simulations of the future develop-
ment of pH in the Baltic Sea were performed with a model
system that included the cycling of organic C and CO2 in the
Baltic Sea as well as the catchment area. It was shown that the
rising atmospheric CO2 mainly controls future pH changes in
Baltic Sea surface water and that eutrophication and enhanced
biological production are not affecting the mean pH. The
worst-case CO2 emission scenario (resulting in an atmo-
spheric concentration of 850 ppm) projected a fall in pH in
Baltic Sea surface water of about 0.40 by 2100. A more
optimistic future CO2 emission scenario (550 ppm) yielded a
decrease in pH of approximately 0.26.
Fig. 18.14 Simulation of surface water and deep-water pH in the
eastern Gotland Sea. The temporal development was calculated for (1) a
worst-case scenario: atmospheric CO2 increase to 850 ppm and nutrient
inputs according to business-as-usual (red line) and (2) a best-case
scenario: moderate increase in atmospheric CO2 to 550 ppm and
nutrient inputs according to the Baltic Sea Action Plan (green line)
(Omstedt et al. 2012)
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